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Conspicuous characters are often useful in species identiﬁcation. Yet, identiﬁcation and
delineation are two different processes, and such characters do not necessarily provide the
best basis on which species can be delineated. This is illustrated by the case of the Labeo
with papillary lips from the Congo basin. Traditionally, species delineation in this group
was based on a conspicuous trait: the shape of the dorsal ﬁn, which shows a profound
degree of differentiation. Morphometric analyses were performed on 185 specimens both
with and without measurements taken on this ﬁn. The groups obtained using these two
approaches were compared with those obtained through DNA barcoding. For this, 24
sequences of the standard barcoding COI gene were obtained. Species delineations based
on morphological and molecular results were in agreement when the shape of the dorsal ﬁn
was ignored. This suggested that of the ﬁve nominal species known from the Congo basin,
L. altivelis, L. rosae, L. lineatus, L. weeksii and L. maleboensis, only the former three remain
valid. Consequently, L. weeksii was synonymised with L. altivelis and L. maleboensis with
L. lineatus. The sole Congo basin endemic is L. lineatus as L. altivelis and L. rosae also occur
in more southern basins. The use of the shape of the dorsal ﬁn in morphological studies
has previously led to overestimates of species diversity in this group. This is due to the fact
that L. altivelis shows a remarkable amount of geographical variation for this trait. The large
amount of intra- and interspeciﬁc variation in this character was caused by differential allo-
metric growth in different parts of the dorsal ﬁn.
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Introduction
In view of the current biodiversity crisis, the discovery and
correct delineation of taxa has become more important
than ever. Yet, species delineation can be a labour-intensive
process that is only achieved through time-consuming
taxonomic revisions. Such works are, especially in very
species-rich groups, not highly validated by current meth-
ods of scientiﬁc evaluation (L€obl 2014). Besides the delin-
eation of species, revisions should also provide the
characters that can be used for identiﬁcation. As species
delineation and identiﬁcation are two independent pro-
cesses (Mayr 1982), they do not have to be based on the
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same traits. The ideal criteria for identiﬁcation are easily
observable conspicuous traits that do not require a certain
expertise or equipment and allow for rapid identiﬁcation.
When such conspicuous traits are available, it is tempting
to also use them for species delineation, hereby circum-
venting the need to perform a full-scale revision. Yet, rely-
ing solely on (a few) conspicuous characters could result in
the construction of an oversimpliﬁed classiﬁcation that does
not reﬂect biological reality. Here, we present a study on
the Congolese species belonging to a well-deﬁned lineage
of African Labeo Cuvier, 1816. These ﬁshes differ largely in
the shape and size of their dorsal ﬁns. Hence, it is no sur-
prise that their classiﬁcation was largely based on this con-
spicuous trait. The taxonomy of this group remained,
however, confusing and species identiﬁcation difﬁcult.
Therefore, this group will be revised and the systematic
value of the conspicuous trait, the shape of the dorsal ﬁn,
evaluated.
Labeo species are medium- to large-sized cyprinids
belonging to the Afro-Asian labein lineage (Stiassny &
Getahun 2007). Over a hundred species are described
from Africa and southern Asia and, in Africa, it is third
most diverse cyprinid genus, after Enteromius Cope, 1867
and Labeobarbus R€uppell, 1835 (both genera were pre-
viously known as ‘Barbus’; Reid 1985; Skelton et al. 1991).
Labeo species are herbivores that mostly feed on the algal
growth (aufwuchs) covering the substrate. Therefore, they
possess morphological adaptations such as an inferior,
mobile, sucker-like mouth with folded lips and a hardened
edge, a very long coiled intestine and pharyngeal grinding
teeth (Matthes 1963; Reid 1985; Skelton 2001). Due to
the overlap of diagnostic characters, species delineation in
this genus was considered difﬁcult (Reid 1985; Lowenstein
et al. 2011). This rendered any systematic study of the
genus challenging (Boulenger 1903; Reid 1985; Thys van
den Audenaerde 1987; Tshibwabwa 1997; Lowenstein
et al. 2011). The last pan-African revision of Labeo was
performed by Reid (1985), which was followed by a revi-
sion of the species occurring in the ichthyofaunal pro-
vinces of the Congo and Lower Guinea by Tshibwabwa
(1997). In the latter revision, a classiﬁcation and identiﬁca-
tion scheme was designed that depended heavily on two
traits: the structure of the labial folds and the shape of the
dorsal ﬁn.
African Labeo possess two distinct types of lip morphologies
(Matthes 1963; Reid 1985), referred to as plicate and papillate
lips. The majority of the species have plicate lips, charac-
terised by several rows of transverse plicae on the anterior
edge of the upper labial fold. Species with papillate lips have
several rows of globular papillae instead (Matthes 1963; Reid
1985; Tshibwabwa 1997). It had been hypothesised that these
labial morphologies deﬁned, at least for Congo and Lower
Guinea representatives, two reciprocally monophyletic
groups (Tshibwabwa 1997). Molecular studies (Lowenstein
et al. 2011; Yang et al. 2012) rejected this hypothesis and
showed the plicate morphotype to be ancestral, conﬁrming
earlier morphological ﬁndings of Matthes (1963). The papil-
late group forms, at least for its Congo basin representatives,
a monophylum (Lowenstein et al. 2011).
Currently, ﬁve valid species of papillate Labeo are
reported from the Congo basin (Tshibwabwa 1997; Van
Steenberge et al. 2014b): L. altivelis Peters, 1852, L. rosae
Steindachner, 1894, L. lineatus Boulenger, 1898, L. weeksii
Boulenger, 1909 and L. maleboensis Tshibwabwa, 1997. The
ﬁrst two species have their type localities in more southern
basins (the Zambezi and the Limpopo, respectively).
According to the identiﬁcation key designed by Tshib-
wabwa (1997), the main criterion to distinguish these spe-
cies is the shape of their dorsal ﬁns: straight in L. lineatus
and L. maleboensis, convex in L. altivelis, falciform in
L. weeksii and concave in L. rosae. The latter species was
identiﬁed as L. mesops G€unther, 1868 by Tshibwabwa
(1997) (Van Steenberge et al. 2014b) and the former
two were said to differ in the number of vertebrae (31 in
L. lineatus vs. 29–30 in L. maleboensis). Furthermore, a dark
spot on the caudal peduncle was mentioned to be present
in L. lineatus and L. maleboensis and absent in the other
species.
In spite of multiple revisions (Reid 1985; Tshibwabwa &
Teugels 1995; Tshibwabwa 1997), taxonomic problems
remained in Congolese Labeo (Van Steenberge et al. 2016)
and specimens could often not be unambiguously identiﬁed
(Decru et al. 2016). This is at least partially due to the fact
that no quantitative differences were given between the dif-
ferent ﬁn shapes. Moreover, a barcoding study of Lower
Congo Labeo did not ﬁnd molecular support for the speciﬁc
status of L. maleboensis versus L. lineatus (Lowenstein et al.
2011). Finally, the main character used for identiﬁcation
of these cyprinids, the shape of the dorsal ﬁn, was recorded
to contain, at least for southern African populations of
L. altivelis, a considerable amount of allometrical (Wor-
thington 1933; Jubb 1958) and geographical (Bell-Cross
1976) variation.
In this study, Congolese representatives of papillate
Labeo will be revised based on morphometric and molecular
traits. For the morphological study, specimens from other
basins belonging to species currently or previously listed
from the Congo basin were also included. Special emphasis
will be given to the shape of the dorsal ﬁn, the conspicuous
trait traditionally used for classiﬁcation and identiﬁcation in
this group. Because this trait was only qualitatively
recorded in previous revisions, we will integrate it in our
analyses using a quantitative approach. This will also allow
us to investigate allometric variation. Analyses will be
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performed both with and without measurements of the
dorsal ﬁn and compared with the lineages identiﬁed within
the African Labeo with papillary lips, based on the mtDNA
marker COI. This will allow us to quantify the effect of
a single conspicuous trait on morphology-based species
delineations.
Materials and methods
One hundred and eighty-four specimens belonging to six
nominal species were examined (Appendix S1). Besides
163 specimens from the Congo basin, these consist of 14
L. altivelis specimens from the Zambezi and the Rio de
Bons Sinais basins, ﬁve L. mesops from the Lake Malawi
system, one L. rosae from the Limpopo River and one
unidentiﬁed specimen from the Little Ruaha River (Ruﬁji
basin), which will be referred to as L. sp. ‘Ruaha’. The
latter specimen was included as it represents, together
with L. mesops, a papillate Labeo occurring in between the
north-western and the south-eastern ranges of L. altivelis
(Fig. S1). For the ease of interpretation by the reader,
and based on preliminary analyses, specimens of L. weeksii
and L. maleboensis were listed as L. altivelis and L. lineatus,
respectively, in our analyses. Although this way of indi-
cating the specimens is not standard practice in taxonomi-
cal studies, the reader can still verify the motivation of
the synonymies: the holotype of L. maleboensis, which is
the only large specimen available, has been labelled sepa-
rately and the current notion of L. weeksii roughly corre-
sponds with what is called the Congo population of L.
altivelis below. As preliminary analyses revealed geograph-
ical variation in L. altivelis, three geographical groups will
be studied. These will be referred to as: (i) the Congo
population, containing specimens from the entire basin
with the exception of (ii) the Bangweulu–Mweru popula-
tion, comprising specimens from that ecoregion (Scott
2005) and (iii) the Zambezi population, which, besides
specimens from the Zambezi basin, also contains those
from the Rio de Bons Sinais. Except for two Lower
Congo specimens (MRAC 47534-35) listed as L. altivelis
by Tshibwabwa (1997), the Congo population contained
only specimens previously identiﬁed as L. weeksii. How-
ever, curiously Tshibwabwa (1997) also listed one speci-
men (MRAC 37801) from the Bangweulu–Mweru
population as L. weeksii. The majority of the specimens
originate from the collections of the Royal Museum for
Central Africa, Tervuren, Belgium (for collection num-
bers: MRAC), but specimens of the Natural History
Museum, London (BMNH), the Museum f€ur Natur-
kunde, Berlin (ZMB), and the Naturhistorisches Museum,
Vienna (NMW), were also included. Name-bearing types
were studied for all nominal species. Twenty-one mea-
surements were taken, 19 of which were also made by
Tshibwabwa & Teugels (1995) (Table S1). In contrast to
the latter study, where the longest dorsal-ﬁn ray was
measured, two well-speciﬁed ﬁn rays were measured: the
last unbranched and the ﬁfth branched dorsal-ﬁn ray
(LUDR, 5th BDR). Additionally, 18 meristics were
counted, following Tshibwabwa & Teugels (1995) and
Tshibwabwa (1997) except that when the last dorsal- or
anal-ﬁn ray was divided at its base, it was not treated as
one, but as two ﬁn rays. Given the presence of a minute
unbranched dorsal ray, which sometimes could only be
visualised using X-rays, the simple dorsal-ﬁn rays (3 or 4)
were not counted. The presence of the precaudal spot
was scored.
For 116 specimens, vertebral counts were made. These
were done on X-rays, made using the Visix equipment
(Medex Loncin SA), which includes a Gem 9 160 X-ray
generator and a high-resolution digital X-ray detector,
Dereo HR1. For the type specimens of L. altivelis and
L. rosae, vertebral counts were taken from Reid (1985).
Since the lectotype of L. mesops is a skin, only meristics
(but no vertebrae) were recorded. Gill rakers were counted
for 43 specimens. The standard barcoding gene, the ﬁrst
subunit of cytochrome c oxidase (COI), was sequenced fol-
lowing Decru et al. (2016) for ﬁve L. altivelis specimens,
one from the Bangweulu–Mweru and four from the Zam-
bezi populations (GenBank accession numbers: KX245441-
KX245445). As the inclusion of closely related species
increases the potential of DNA barcoding, our sequences
were compared with those from all African papillate Labeo
available on GenBank (Lowenstein et al. 2011; Yang et al.
2012; Decru et al. 2016). Alignments were done using
ClustalW and controlled by eye. Genetic distances were
calculated between all haplotypes. The AIC identiﬁed
HKY + G as the best ﬁtting model. As this model was not
implemented in MEGA, the second best ﬁt, TN93 + G,
was employed.
Data were explored using principal component analysis
(PCA) performed on the covariance matrix of the log-trans-
formed measurements and on the correlation matrix of the
meristics separately. Separate PCAs were done on the mea-
surements with and without the two dorsal-ﬁn ray lengths.
For the former, 15 specimens with severely damaged dorsal
ﬁns were excluded. Missing values were handled by mean
value imputation. The ﬁrst principal component of the PCA
on the log-transformed measurements was interpreted as a
variable describing size (Zelditch et al. 2004). Therefore, the
results of the PCA on the log-transformed measurements
were visualised on scatterplots of the second versus the third
principal component. Additionally, a canonical variates anal-
ysis (CVA) was performed for each of the three data sets.
These were restricted to L. lineatus and the three populations
of L. altivelis. A confusion matrix was calculated in which the
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true assignments of the specimens were compared with the
assignments predicted by the CVA. The two aberrant lower
Congo specimens (MRAC 47534-35), for which Tshib-
wabwa & Teugels (1995) questioned the collection locality,
were treated as mystery specimens: they were excluded from
the analyses, but values for the CV were calculated in order
to determine the group assignments. Differences in relative
measurements and meristics were tested using pairwise
Mann–Whitney U-tests, which were performed on sets of
similar size class specimens (SL P > 0.1). In order to reduce
the number of pairwise comparisons, only biologically and
systematically relevant comparisons were made. Finally, the
allometric coefﬁcients, k, of the dorsal-ﬁn ray lengths were
calculated versus SL and versus each other. The coefﬁcients
were taken from the equation log(X) = k.log(Y) + a (Huxley
1932), where X is one of the two dorsal-ﬁn ray lengths and Y
either SL or the other ﬁn ray length. Estimates were per-
formed by bivariate linear regression using ordinary least
squares (OLS) and probabilities that these differed from
isometry (k = 1) were calculated. Normality of residuals was
veriﬁed using Shapiro–Wilk tests. As the use of regression to
estimate allometric coefﬁcients was criticised by Klingenberg
(1996), coefﬁcients were also calculated as relative factor
loadings of a PCA. Sequential Bonferroni correction was
used for the total number of tests. Statistical analyses were
performed using Past (Hammer et al. 2001) and R (R Devel-
opment Core Team 2008). Sequence data were analysed in
MEGA v.6 and visualised in a neighbor-joining tree and in a
TCS haplotype network produced in MEGA v.6 (Tamura et al.
2013) and Popart (Leigh & Bryant 2015), respectively.
Results
Meristics
Three meristic characters, the numbers of simple rays in
the pectoral, pelvic and anal ﬁns, were constant and were
omitted from all analyses. A ﬁrst PCA was performed on
the remaining 15 meristics (Table S5). In the scatterplot of
the ﬁrst two principal components, four groups were iden-
tiﬁed (Fig. 1). The ﬁrst group, with high values for the ﬁrst
and second PC, contained the three L. rosae specimens.
The second, with intermediate values for both axes, con-
tained L. mesops and L. sp. ‘Ruaha’. The L. lineatus speci-
mens formed a third group. The fourth, which showed
some overlap with the previous, contained all L. altivelis
specimens. In this group, specimens from the Congo and
the Zambezi basins could not be separated, although the
three specimens from the Lower Shire stood out by their
higher value for PC1. No further geographical variation in
meristics was discovered between the different populations
of L. lineatus or L. altivelis, neither in this analysis, nor in
subsequent analyses restricted to subsets of the data (not
shown). All scale counts and, to a lesser extent, the
numbers of branched dorsal- and anal-ﬁn rays had positive
contributions to the ﬁrst PC. The number of branched
dorsal rays was the most important contributor to PC2. A
CVA was performed on the same data set for L. lineatus
and the three populations of L. altivelis (Fig. S2, Tables S5,
S6). The ﬁrst CV, which separated L. lineatus from L. al-
tivelis, explained 86% of the variation. Although CV2 could
separate Zambezi from Congo L. altivelis, values for speci-
mens from the Bangweulu–Mweru ecoregion overlapped
with both populations. No separation was obtained by
CV3. The confusion matrix revealed that the CVA
assigned all L. lineatus specimens correctly. Although all
but one of the L. altivelis specimens were assigned to the
correct species, only between 68 and 87% were placed in
the correct population. A summary of the meristics of the
different species and populations is presented in Table S2.
Differences in meristics between the three populations of
L. altivelis were tested using pairwise Mann–Whitney U-
tests. These tests were also performed between L. lineatus
and the Congo population of L. altivelis (Table S7). Four
differences were found between these sympatric groups,
three of which very highly signiﬁcant (P < 0.001). Yet, only
the number of branched dorsal-ﬁn rays showed no overlap
and could be used to separate the species (Table S2).
Between the Congo and Bangweulu–Mweru populations of
L. altivelis, two meristics differed signiﬁcantly: the number
of branched dorsal-ﬁn rays and the number of vertebrae,
Fig. 1 PC2 vs. PC1 of the PCA on the correlation matrix of the
meristics of 184 specimens, with: L. lineatus (s), L. altivelis Congo
( ), L. altivelis Bangweulu–Mweru ( ), L. altivelis Zambezi ( ,
including the Lower Shire: ), L. mesops (▼), L. rosae (w) and L.
sp. ‘Ruaha’ (▲). Name-bearing specimens of L. lineatus ( ),
L. maleboensis ( ), L. altivelis ( ), L. weeksii ( ), L. mesops (▽) and
L. rosae ( ) are indicated separately.
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but values completely overlapped. Bangweulu–Mweru
L. altivelis also differed in two meristics from their con-
speciﬁcs from the Zambezi, whereas the latter differed in
four from the Congo population. Values for all meristics,
however, overlapped. Signiﬁcance levels were, overall, lar-
ger in intra-, than in interspeciﬁc comparisons. Labeo mesops
differed from L. lineatus and L. sp. ‘Ruaha’ by a higher
number of lateral line scales (36–39 vs. 32–35) and from
L. altivelis and L. rosae by a lower number of branched dor-
sal-ﬁn rays (11 vs. 12–15). Labeo sp. ‘Ruaha’ had an even
lower number of branched dorsal-ﬁn rays (10). Labeo rosae
differed from all other specimens by the high number of
caudal peduncle and postdorsal scales (20 vs. 16–17 and 18-
19 vs. 13–18).
Measurements: body proportions
A PCA was performed on the covariance matrix of the 19
measurements that did not include the measurements taken
on the dorsal ﬁn (Table S8). The second PC completely
separated L. lineatus, which had positive values for this axis,
from all other specimens (Fig. 2A). This component was
positively correlated with measurements that indicate a
wider head and negatively correlated with the length of the
dorsal-ﬁn base. The third PC allowed for an incomplete
separation of three groups that had mainly negative values
for PC2. The four L. mesops specimens were somewhat
separated on the positive side of PC3. The Zambezi popu-
lation of L. altivelis was found on the negative side of this
axis, although there was a considerable overlap with their
conspeciﬁcs from the Congo basin. This overlap was
mainly caused by the specimens from the Lower Shire
River. All L. altivelis specimens from the Congo basin had
intermediate values for PC3, as did the L. rosae and the
L. sp. ‘Ruaha’ specimens. The variables with the highest
absolute contributions to PC3 were the caudal peduncle
length, on the positive side, and the length of the anal-ﬁn
base, on the negative side. None of the PCs separated the
Bangweulu–Mweru from the Congo populations of L. al-
tivelis. Neither could any geographical variation within
L. lineatus be observed. A CVA was performed on the same
data set for L. lineatus and the three populations of L. al-
tivelis (Fig. S3; Tables S6, S8). The ﬁrst CV, which
explained 75% of the variation, almost separated L. lineatus
from L. altivelis. The second CV incompletely separated
the Zambezi from the Congo and the Bangweulu–Mweru
L. altivelis, whereas the last CV failed to distinguish
between the latter two populations. The confusion table
showed that body proportions can be used to correctly
identify almost all L. lineatus and all L. altivelis specim-
ens to the species level. Within L. altivelis, between 69
and 93% of the specimens were assigned to the correct
population.
Measurements (as percentages) were compared between
the same groups as in the analysis of the meristics
(Table S9). Between sympatric L. altivelis and L. lineatus,
seven measurements differed signiﬁcantly, six of which
even at the 0.001 level. As with the meristics, fewer signiﬁ-
cant differences were found in comparisons between the
Bangweulu–Mweru population and the Zambezi and
Congo populations of L. altivelis, than in comparisons
between the latter two (1 vs. 2, respectively). In intraspeci-
ﬁc comparisons of L. altivelis, all signiﬁcance levels were
higher than 0.001%. Despite the differences revealed by
the Mann–Whitney U-tests, all measurements overlapped
between L. lineatus and L. altivelis (Table S3). However,
when interorbital (IOrbW) and interoccipital (IOccW)
widths were expressed as percentages of SL (instead of
HL), it was possible to differentiate large (SL > 100)
specimens of L. lineatus from L. altivelis (8.0–10.1% and
13.3–16.1% in L. lineatus vs. 4.9–7.8% and 10.2–13.0% in
L. altivelis for IOrbW and IOccW, respectively). Also in
smaller specimens, these variables are still useful identiﬁca-
tion criteria as they showed very little overlap (7.4–10.3%
and 12.6–16.5% in L. lineatus vs. 4.9–8.0% and 6.9–13.0%
in L. altivelis). Percentages of the measurements that dif-
fered between the three L. altivelis populations all over-
lapped. For the other taxa, only few specimens were
available for study and intraspeciﬁc variation could not be
investigated. Labeo mesops differed from all other species by
its narrower caudal peduncle (11.5–12.8% vs. 12.8–22.5%)
except for the Zambezi population of L. altivelis. However,
L. mesops differed from the latter group by its shorter
dorsal- and anal-ﬁn bases (18.1–20.0% and 6.2–7.8% vs.
20.7–29.4% and 8.1–10.5% for DFB and AFB, respec-
tively). No measurement separated L. rosae from L. lineatus
or L. altivelis.
Dorsal-ﬁn shape
A subsequent PCA was performed including the two dor-
sal-ﬁn measurements (LUDR, 5th BDR) (Table S10).
These additional variables had the highest absolute contri-
butions to both PC2 and PC3. For PC2, both lengths had
a negative contribution whereas, for PC3, 5th BDR was
the variable with the most important negative contribution
and LUDR that with the most important positive contribu-
tion. Therefore, PC2 can be interpreted as differentiating
between small (positive) and large (negative) dorsal ﬁns,
while PC3 discriminates between concave (positive) and
convex (negative) dorsal ﬁns.
In a scatterplot of PC3 versus PC2, similar groups as
those found in the previous analysis were identiﬁed
(Fig. 2B). Some differences were, however, eminent. Fore-
most, the Zambezi population of L. altivelis was separated
from that of the Congo. Specimens from the Bangweulu–
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Mweru population, however, were intermediate between
both. Although values for PC3 from the Bangweulu–
Mweru and from the Congo populations largely over-
lapped, this overlap was mainly caused by specimens from
the Lualaba (Upper Congo) basin, which is downstream
from the Bangweulu–Mweru ecoregion. This geographical
variation was not found in the previous analysis. Unexpect-
edly, two L. altivelis specimens from the Lower Congo
(MRAC 47534-35) clustered with their conspeciﬁcs from
the Zambezi, whereas all other Lower Congo L. altivelis
grouped with those from the Middle and Upper Congo.
Tshibwabwa & Teugels (1995) and Tshibwabwa (1997)
listed these two specimens as L. altivelis, whereas they iden-
tiﬁed all other Lower and Middle Congo specimens as
L. weeksii. Finally, L. rosae clustered with L. mesops, whereas
L. sp. ‘Ruaha’ fell within L. altivelis. A CVA was performed
on the same data set, but restricted to L. lineatus and the
three L. altivelis populations (Fig. S4; Table S6, S10). The
ﬁrst CV again incompletely separated L. lineatus from
L. altivelis. This axis, however, explained less variation as in
the previous analysis (56 vs. 75%). The second CV sepa-
rated Congo from Zambezi L. altivelis. The Bangweulu–
Mweru population, which in the previous analysis com-
pletely overlapped with that from the Congo, was
now intermediate between both populations. The third CV
did not provide a better separation between any of the
L. altivelis populations than CV2. In this analysis, with the
dorsal-ﬁn lengths included, the success rate of the reassign-
ments increased from 98 to 100% for the species level and
from 69–93 to 79–93% for the three L. altivelis popula-
tions. Here, the ‘aberrant’ Lower Congo specimens were
assigned to the Zambezi population.
The differences in relative ﬁn lengths were tested
between the L. altivelis populations and L. lineatus using
Mann–Whitney U-tests (Table S11). The two ‘aberrant’
Lower Congo specimens were omitted from these tests. In
order to compare specimens of comparable size, only speci-
mens larger than 80 mm SL were used. As no small Zam-
bezian L. altivelis specimens (SL < 134.5 mm) were
available, only specimens larger than 120 mm SL were
used in the comparisons with this population. These tests
revealed that the last unbranched dorsal-ﬁn ray was signiﬁ-
cantly shorter in L. lineatus than in L. altivelis from all pop-
ulations. The length of the ﬁfth branched dorsal-ﬁn ray
did not differ between L. lineatus and sympatric L. altivelis
from the Congo population. Yet, their 5th branched dor-
sal-ﬁn rays were signiﬁcantly shorter than in L. altivelis
specimens from the Bangweulu–Mweru population, which
had shorter ﬁns ray than Zambezi specimens. Finally, the
ratio of the ﬁfth branched to the last unbranched dorsal
ray, which denotes the shape of the ﬁn, was signiﬁcantly
smaller in L. altivelis from the Congo, than in specimens
from all other groups. Between the other groups, no signif-
icant difference in shape was observed.
Fig. 2 PC3 vs. PC2 of the PCA on the covariance matrix of the log-transformed measurements on 183 resp. 168 specimens without (A)
and with (B) the two measurements of dorsal-ﬁn rays, the inclusion of which revealed geographical variation in L. altivelis, with L. lineatus
(s), L. altivelis Congo ( ), L. altivelis Bangweulu–Mweru ( ), L. altivelis Zambezi ( , including the Lower Shire: ), L. mesops (▼),
L. rosae (w) and L. sp. ‘Ruaha’ (▲). Name-bearing specimens of L. lineatus ( ), L. maleboensis ( ), L. altivelis ( ), L. weeksii ( ) and L. rosae
( ) are indicated separately. In (B) values for L. altivelis from the upper Congo ( ) and for the two aberrant Lower Congo L. altivelis ( )
are visualised separately.
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Allometric growth of the dorsal ﬁn
The occurrence of allometry in the measurements of the
dorsal-ﬁn rays was investigated (Table 1) in L. lineatus and
the different populations of L. altivelis. Allometric coefﬁ-
cients, k, were calculated using both regression and PCA.
In all but one of the cases, these differed less than the stan-
dard error of the ﬁrst estimate, indicating that both meth-
ods yield similar results (Zelditch et al. 2004). Probabilities
that k differed from isometry (k = 1) were calculated
(Table 1). As no small (<134.5 mm SL) Zambezian L. al-
tivelis specimens with undamaged ﬁns were available, this
population was excluded from the calculations, as were the
two ‘aberrant’ Lower Congo specimens.
For L. lineatus, the length of the last unbranched dorsal-
ﬁn ray was negatively allometric (k < 1) to SL, whereas a
positive allometry (k > 1) was encountered for L. altivelis
from the Congo population. For L. altivelis from the Bang-
weulu–Mweru population, the growth of this ﬁn ray did
not differ from isometry with regard to SL (k = 1). For the
ﬁfth branched dorsal ray, the allometric coefﬁcient was
positive in all three groups although, after Bonferroni cor-
rection, the difference from isometry was not signiﬁcant in
L. lineatus and L. altivelis from the Congo population.
Finally, the allometric coefﬁcient of the length of the ﬁfth
branched dorsal ray versus that of the last unbranched dor-
sal ray, which describes the shape of the ﬁn, was positive in
L. lineatus and L. altivelis from the Bangweulu–Mweru and
negative in L. altivelis from the Congo population.
Although allometric coefﬁcients could not be calculated for
L. altivelis from the Zambezi population, scatterplots
(Fig. S5) suggest that all three ratios examined were also
positive for this group.
To summarise, in three of the groups: L. lineatus, L. al-
tivelis from the Bangweulu–Mweru and from the Zambezi
population, the convexity of the dorsal ﬁn increases during
growth. The mechanism in which this is achieved is, how-
ever, different. In the ﬁrst group, a (slightly) convex dorsal
ﬁn is obtained due to the reduced growth of the anterior
dorsal-ﬁn rays (measured here as LUDR). In the second
group, the dorsal ﬁn becomes convex as a result of the rel-
ative faster growth of the middle dorsal-ﬁn rays (measured
here as 5th BDR). In the third group, all ﬁn rays seem to
have a positive allometric growth trajectory; yet as the mid-
dle dorsal-ﬁn rays seem to grow faster than the anterior
rays, a highly convex, sail-like ﬁn develops in large individ-
uals. Hence, large L. lineatus specimens have small convex
ﬁns, large Zambezian L. altivelis have large convex ﬁns,
whereas L. altivelis specimens from the Bangweulu–Mweru
ecoregion have convex dorsal ﬁns of intermediate size. In
L. altivelis from the Congo population, the dorsal ﬁn
becomes concave due to the accelerated growth of the
anterior ﬁn rays, resulting in a large, sickle-shaped dorsal
ﬁn in large specimens (Fig. 3).
Although almost all of the percentages of ﬁn lengths
overlapped for small specimens, the allometric differences
enabled the use of relative ﬁn ray lengths as identiﬁcation
tools in specimens of larger size (Table S4). For specimens
larger than 120 mm SL, the relative length of the last
unbranched dorsal ray versus SL and the length of the ﬁfth
branched relative to the last unbranched dorsal-ﬁn ray
allowed for a complete separation of L. lineatus from sym-
patric L. altivelis (16.2–26.7% and 67.0–116.2% in L. linea-
tus vs. 27.6–50.9% and 31.9–66.9% in Congolese
L. altivelis). The relative length of the ﬁfth dorsal-ﬁn ray
versus SL also separated Zambezian L. altivelis from all
other groups (34.3–50.8% in Zambezian L. altivelis vs.
13.2–32.1% for the other groups), with the exception of
the two ‘aberrant’ specimens from the Lower Congo.
DNA barcoding
The new L. altivelis sequences were compared with all
available COI sequences from African Labeo species with
papillate lips on GenBank (Appendix S1). In addition to
those of L. altivelis and L. lineatus, sequences of Labeo horie
Heckel, 1847, Labeo senegalensis Valenciennes, 1842 and
Labeo vulgaris Heckel, 1847 were also available. For the lat-
ter three species, identiﬁcations could not be veriﬁed.
Although three sequences (GI: 313491860, 300876300 and
Table 1 Allometric coefﬁcients (k) of ratios of dorsal-ﬁn ray lengths, estimated using bivariate regression (B) and PCA (P), the P value for
k = 1 is calculated for k (B); LUDR: last unbranched dorsal-ﬁn ray; 5th BDR: ﬁfth branched dorsal-ﬁn ray. Specimens of all sizes belonging
to L. lineatus (N = 52), L. altivelis from the Congo basin excluding Bangweulu–Mweru (Co, N = 72) and L. altivelis from Bangweulu–
Mweru (BM, N = 28) were used. By lack of small specimens, L. altivelis from the Zambezi was not included
LUDR vs. SL 5th BDR vs. SL 5th BDR vs. LUDR
k (B) k (P) P (k = 1) k (B) k (P) P (k = 1) k (B) k (P) P (k = 1)
L. lineatus 0.83  0.03 0.83 1.51 108*** 1.09  0.04 1.10 1.50 102 1.29  0.04 1.32 1.94 109***
L. altivelis (Co) 1.27  0.06 1.29 5.09 105** 1.15  0.05 1.18 6.79 103 0.83  0.04 0.91 2.34 104*
L. altivelis (BM) 1.05  0.05 1.06 0.35 1.40  0.06 1.41 1.26 107*** 1.28  0.06 1.33 1.39 104*
*, ** and *** denote signiﬁcance on the 0.05, 0.01 and 0.001 level (after sequential Bonferroni correction).
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3008876296) were listed under L. lineatus in GenBank,
these corresponded to voucher specimens of Labeo greenii
Boulenger, 1902 according to Lowenstein et al. (2011) and
were not included in the analysis. Genetic distances are
summarised in Table S12 and a neighbor-joining tree and
a haplotype network are presented in Fig. S6. Except for
the comparison between L. horie and L. senegalensis (0.2%),
which falls outside of the scope of this study, interspeciﬁc
differences were always larger than 1.6%, whereas
intraspeciﬁc differences were 1% at most. The highest
intraspeciﬁc distance was observed between L. altivelis
sequences originating from the Lower Congo and the
Lower Zambezi. Labeo altivelis from the Bangweulu–Mweru
ecoregion, which was also morphologically intermediate,
had genetically equidistant sequences from both. Within
L. lineatus, sequence diversity was always lower than 0.3%.
This species has, however, a smaller distribution range and
its genetic differentiation is comparable to that seen in the
Congo population of L. altivelis.
Colour pattern and lip structure
A clear precaudal spot was present on all preserved L. lin-
eatus specimens smaller than 165 mm SL, including the
holotype of L. maleboensis (70 mm SL). This spot was
fainter on larger specimens and could no longer be
observed on any of the largest specimens (>165 mm SL).
On none of the specimens belonging to L. altivelis, L. me-
sops and L. rosae, such a spot was observed, regardless of
the size of the specimen. A clear black spot was, however,
visible on the L. sp. ‘Ruaha’ specimen, even though the
specimen was already quite large (161 mm SL). A close
examination of the colour pattern showed that in all speci-
mens examined, melanin pigments were present at the
outer margin of the scales. These formed a series of lateral
bands on the ﬂanks. Photographs of life specimens from
different parts of the Congo basin (Fig. S7) revealed that,
in vivo, these bands and stripes were dark green to black
on L. lineatus, whereas they were lighter green and never
black on L. altivelis. On small L. lineatus specimens and on
the specimen from the Ruaha River, some posterior scales
on the caudal peduncle contain these pigments over their
whole surface, creating the dark precaudal spot. Skelton
(2001) also mentioned a precaudal dark spot on juvenile
southern African L. altivelis and L. rosae. This was, how-
ever, not observed on any of the preserved Zambezian
L. altivelis. Hence, at least in the Congo basin, the presence
of a precaudal spot could be used to distinguish small
L. lineatus (<165 mm SL) from small L. altivelis.
Although all specimens had papillate lips, these papillae
were arranged in oblique overlying rows in some large
Fig. 3 Schematic overview of how differences in allometric growth produce differently shaped dorsal ﬁns in L. lineatus and in the different
L. altivelis populations: starting with a similarly shaped ﬁn in juveniles (centre), L. lineatus (top) will have relatively small convex ﬁns in
adults; L. altivelis from the Congo basin (excluding Bangweulu–Mweru) (right) will develop relatively large sickle-shaped ﬁns; L. altivelis
from the Zambezi population (bottom) will obtain large highly convex ﬁns and L. altivelis from the Bangweulu–Mweru ecoregion (left)
develop convex ﬁns of intermediate size. Pictograms of ﬁshes represent the size of the specimens of which the ﬁn was drawn, the scale bar
represents the scale at which ﬁsh pictograms (black) and ﬁns (grey) were drawn, ﬁns in the circle are drawn at double scale, and the two ﬁn
rays measured (last unbranched and 5th branched dorsal ray) are shown in detail.
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L. lineatus specimens. Hence, these papillae were positioned
in a similar way as the plicae in Labeo specimens from the
plicate groups. This similarity might have led Tshibwabwa
(1997) to identify a paralectotype of L. lineatus together
with six other large specimens as Labeo degeni Boulenger,
1920. As all these specimens had papillary lips and 11 dor-
sal-ﬁn rays (versus plicate lips and 10 dorsal-ﬁn rays in the
L. degeni lectotype), they were re-identiﬁed as L. lineatus
(Appendix S1).
Discussion
The results reafﬁrm the distinction between L. altivelis and
L. lineatus. The holotype of L. maleboensis proved to be
conspeciﬁc with L. lineatus, conﬁrming earlier molecular
results (Lowenstein et al. 2011). The identiﬁcation of the
two specimens from the Luﬁra River as L. rosae (Van
Steenberge et al. 2014b) was also conﬁrmed. The status of
L. mesops as a Lake Malawi basin endemic (Snoeks 2004)
was validated although, at least for meristic characters, this
species had afﬁnities with the unidentiﬁed specimen from
the Ruaha River.
In Labeo systematics, much weight has traditionally been
given to one conspicuous trait, the shape of the dorsal ﬁn
(Boulenger 1909; Reid 1985; Tshibwabwa 1997). Hence, it
is no surprise that four groups potentially corresponding to
four of the ﬁve nominal species previously listed from the
Congo basin, L. lineatus, L. altivelis, L. weeksii and L. rosae,
were retrieved in the PCA of the measurements, when dor-
sal-ﬁn lengths were included (Fig. 2B). Previously, all L. al-
tivelis specimens from the Congo basin were classiﬁed as
L. weeksii except for most of the specimens from the Bang-
weulu–Mweru ecoregion and for two ‘aberrant’ Lower
Congo specimens. When dorsal-ﬁn measurements were
included, both PCA and CVA separated these specimens
from L. altivelis from the rest of the basin (Fig. 2B). Yet,
without these measurements, this distinction could no
longer be retrieved.
Labeo altivelis from the Bangweulu–Mweru ecoregion dif-
fered signiﬁcantly in the same amount of measurements
and counts (4) from specimens from the Congo as from
those of the Zambezi population. Two times as many sig-
niﬁcant differences were found in the comparison between
the Congo and the Zambezi populations. Specimens from
the Bangweulu–Mweru ecoregion were also intermediate
between both populations in the three CVAs. This was in
agreement with the DNA barcoding results where the hap-
lotypes of the Bangweulu–Mweru population were equidis-
tant to those of the other populations. Yet, except for the
shape of the dorsal ﬁn, no character was found that could
unambiguously separate any of the geographical units.
Therefore, all evidence justiﬁes the treatment of all three
groups as belonging to the same widespread species and
the synonymy of L. weeksii with L. altivelis. Redescriptions
of L. altivelis, L. lineatus and L. rosae are given in
Appendix S1.
The Lake Malawi endemic L. mesops was clearly distinct
from all other species. Interestingly, in the analyses of both
meristics and measurements, the specimens from the
Lower Shire, which connects Lake Malawi with the Zam-
bezi, were somewhat intermediate between L. altivelis and
L. mesops. Possibly, hybridisation might have occurred
between L. altivelis and L. mesops specimens that ended up
downstream of the Lake’s basin. Alternatively, L. altivelis
from the Shire could represent the population of the par-
ent species out of which L. mesops evolved in the geograph-
ically isolated Lake Malawi basin. A similar situation could
explain the distributions of Serranochromis robustus jallae
(Boulenger, 1896), from the Zambezi and Congo basins
and Serranochromis robustus robustus (G€unther, 1864), also a
Lake Malawi endemic. Alternatively, the Lake’s catchment
could also have been colonised via the Bangweulu–Mweru
ecoregion, as was shown for Pseudocrenilabrus philander
(Weber, 1897) (Egger et al. 2015). The widespread catﬁsh,
Clarias gariepinus Burchell, 1822, which occurs in the Lake,
also represents a parent species of a separate Malawi clade:
the entire Bathyclarias Jackson, 1959 species ﬂock (Agnese
& Teugels 2001).
Labeo altivelis is absent from the Upper Zambezi, the
Kafue and the Luangwa (Skelton 2001). The Labeo species
with papillary lips from the Little Ruaha River, which
drains into the Ruﬁji, belongs to a different species.
Hence, L. altivelis has a large gap between its north-wes-
tern (Congo) and south-eastern (Zambezi) distribution.
Similar distributions are found in L. rosae, Enteromius
motebensis (Steindachner, 1894) and Enteromius mattozi
(Guimar~aes, 1894), which have even larger gaps in their
distributions (Skelton 2001; Van Steenberge et al. 2014b).
These disjoint distributions can be explained by previous
connections between the Congo and the Zambezi systems
(Moore & Larkin 2001; Stankiewicz & de Wit 2006), fol-
lowed by local extinctions. This scenario was also put for-
ward for the tigerﬁsh, Hydrocynus vittatus Castelnau, 1861,
for which the absence in the Kafue was interpreted as
resulting from a period of local aridity (Cotterill & de Wit
2011).
The shape of the dorsal ﬁn contains a large amount of
allometric and geographical variation in L. altivelis, whereas
it is remarkably stable in L. lineatus (Fig. 3). Variation in
dorsal-ﬁn shape was already reported for L. altivelis popula-
tions from southern African river basins. Here, different
river systems harbour populations with either concave or
convex dorsal ﬁns and the size of the dorsal ﬁn is smaller
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in populations from river systems south of the Zambezi
(Bell-Cross 1976). The difference in dorsal-ﬁn shape
between specimens from the Bangweulu–Mweru ecoregion
and of those from the rest of the Congo basin was the rea-
son why the former were previously identiﬁed as L. altivelis
and the latter as L. weeksii. The Bangweulu–Mweru ecore-
gion forms an isolated part of the Congo basin (Scott
2005; Van Steenberge et al. 2014a). Therefore, the geo-
graphical variation in dorsal-ﬁn shape in L. altivelis from
the Congo (including Bangweulu–Mweru) is comparable to
that reported from southern Africa. Two aberrant L. al-
tivelis specimens from the Lower Congo also had highly
convex dorsal ﬁns. Yet, no additional characters were found
in which they differed from conspeciﬁcs from this region.
Unfortunately, the exact origin of these specimens is not
known. Hence, it is uncertain whether they originate from
an isolated part of the basin, or whether they were found
in sympatry with L. altivelis specimens with concave dorsal
ﬁns. Yet, as they clearly belong to L. altivelis, there is no
need to question the museum labels or to speculate that
they might have been collected elsewhere (Tshibwabwa &
Teugels 1995).
The high degree of intra- and interspeciﬁc variation in
dorsal-ﬁn shape is produced by differential growth rates of
different parts of the ﬁn (Table 1). Although the proximate
causes of this mechanism remain unknown, a genetic basis
is at least partially involved as sympatric L. lineatus and
L. altivelis obtain increasingly differently shaped dorsal ﬁns
during growth. Environmental inﬂuences could, however,
also act on the development of this character. In L. altivelis,
specimens from the cooler upper reaches of the Congo
basin have similarly shaped ﬁns as specimens from more
southern basins. In the tropical rainforest, all specimens
have a concave dorsal ﬁn. This could explain the convex
dorsal ﬁns of the two aberrant Lower Congo L. altivelis as
this area contains some regions with higher elevations and
cooler climates.
To summarise, the high amount of geographical and allo-
metric differences in the shape and size of the dorsal ﬁn
makes it an unsuitable character for species delineation in
papillate Labeo. Yet, its conspicuous appearance does render
it useful for rapid identiﬁcation of sufﬁciently large
(SL > 120 mm) specimens. A similar conspicuous trait, the
precaudal spot, is also of only limited value for delineation as
it is never present in large specimens. Yet, its presence does
allow us to distinguish small (SL < 165 mm) L. lineatus from
sympatric congeners. Only meristic characters could be used
to distinguish L. altivelis, L. linatus and L. rosae unambigu-
ously. Hence, the case of the papillate Labeo from the Congo
basin illustrates that even when conspicuous traits that allow
for easy identiﬁcation are present, species delineations based
solely on them could be erroneous.
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